Robust aerodynamic airfoil design optimizations of Mars exploratory airplane against wind variations have been carried out by using DFMOSS coupled with the CFD simulation. The present robust optimizations successfully found the airfoil designs with robust aerodynamic performances against wind variations. Obtained airfoil design information about the optimality and the robustness of aerodynamic performances indicated that an airfoil with smaller camber can improve the robustness in lift to drag ratio against the variation of flight Mach number, and an airfoil with larger curvature near the shock wave location can improve the robustness in pitching moment against the variation of flight Mach number.
INTRODUCTION
The exploration of various planets in the solar system has been an academically interesting and attractive research topic in space science field because it may provide an important clue for understanding physical and biological early histories of the solar system evolution including the Earth. Especially, the Mars which is the nearest planet from the Earth is the most attractive target to be explored as the first step for understanding the whole solar system. Conventional approaches to explore the Mars have been orbiting satellites around the Mars or rovers moving on the Martian surface. On the other hand, a Mars airplane has recently been expected as a new approach to explore Mars providing higher resolution power than the orbiting satellites and larger spatial coverage than the rovers. In addition, the Mars airplane is a challenging approach in engineering viewpoint.
One of the important issues in designing Mars airplanes is the uniqueness of these flight conditions. Compared to typical commercial Earth airplanes, the Mars airplanes are required to fly at lower Reynolds * Research Fellow, Institute of Fluid Science, 2-1-1 Katahira, Aoba-ku † Research Associate, Institute of Space and Astronautical Science, 3-1-1 Yoshinodai ‡ Professor, Institute of Space and Astronautical Science, 3-1-1 Yoshinodai number condition (about 10 5 based on the wing root chord length of 1 m) due to thinner Martian atmosphere (about 1/100 of Earth's one) 1 and smaller airplane size such that the airplane can be stored into an aeroshell delivered by a launcher. In addition, those are required to fly at higher subsonic Mach number condition (more than 0.45) due to lower Martian speed of sound (about 2/3 of Earth's one). No airplane has ever flown at such unique conditions on the Earth except for high-altitude airplanes, therefore no design concept for Mars airplanes has been established sufficiently yet. Several airplanes have been already reported by many researches, 2-4 however, these airplanes were designed only based on existing design concepts for typical Earth airplanes. Therefore, it is required to search for better design of Mars airplane at low Reynolds number and high subsonic Mach number conditions in wide design space and establish new design concepts for future Mars airplane.
Another important issue of designing Mars airplanes is large Martian wind variations. It is well known that strong gradient winds (westerlies) blow over the Mars and these speeds have large daily and seasonal variations.
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In addition, it is known that vertical winds induced by the so-called forced planetary wave blow over the Mars due to the interaction between the westerlies and hardly undulating Martian surface with mountains and craters, 6 too. The past studies of Mars airplanes, 2-4 however, considered the performance at design point and ignored the effects of such wind variations. Martian wind variations may lead to large variations of flight conditions and drastic deterioration in performance of a Mars airplane, and thus failure in expected Mars exploratory mission. Therefore, it is also required to consider not only the performance at design point but also robustness of performance against the Martian wind variations in the design of Mars airplane. Objectives of this paper are to search for airfoil designs of Mars airplane with robust characteristics of aerodynamic performance against Martian wind variations in wide design space by carrying out robust design optimizations coupled with the computational fluid dynamics (CFD) simulations, and to suggest new airfoil design information about the improvement in both optimality and robustness of aerodynamic performance against the wind variations for future Mars airplane. In this paper, two robust aerodynamic airfoil design optimizations are performed; the optimization considering robustness of lift to drag ratio against the variation of flight Mach number, and that considering robustness of pitching moment.
DEFINITION OF DESIGN PROBLEMS
The cruising flight condition of NASA's "Airplane for Mars Exploration (AME)"
2 is adopted as the present design point; Reynolds number based on root chord length Re = 1. and when M ∞ = 0.4735,
Case 1 aims at finding the airfoil configuration which can avoid failure in flying over an expected range, and Case 2 aims at finding one which can avoid failure in controlling pitching motion by its horizontal tail wing with |C M p | = 0.13 when the flight Mach number disperses widely around its design point. The structural constraint on airfoil thickness is not considered because we want to discuss an aerodynamic effect purely in the present study. In both cases, airfoil configuration is defined by the B-spline curves with three fixed points corresponding to the leading and trailing edges and six control points whose coordinates can be specified flexibly, as shown in Fig. 2 (here, c is the airfoil chord length). The design variables are chordwise (x) and vertical (y) coordinates of the six control points, therefore the number of design variables is twelve. Such definition based on the B-spline curves has some advantages; the second-order derivative of coordinate along the B-spline curves is continuous, various airfoil configurations can be expressed, and definition of initial design space is intuitive. 
NUMERICAL METHODS

Optimizer
Design for multi-objective six sigma (DFMOSS)
7 is used as the present robust optimization approach. The DFMOSS has been newly developed by combining the ideas of design for six sigma (DFSS) 9 which is one of the conventional robust optimization approaches and multi-objective evolutionary algorithm (MOEA). 10 In addition, the DFMOSS has some advantages, e.g., it has no difficulty in pre-specifying input parameters before optimization, and trade-off information between optimality and robustness of performance which is useful design information for selecting one design from multiple design candidates according to designer's consideration can be obtained effectively by only one optimization run (details of DFMOSS are referred to Ref. 7) .
The statistical values (mean value and standard deviation) of aerodynamic performance which are the present objective functions are estimated by the second-order Taylor's series expansion approach. Fitness values are evaluated by using a Paretoranking method, 11 a fitness sharing, 10, 11 and the Michaleswicz's nonlinear function, 12 and constraints are dealt with by using the Pareto-optimality-based constraint-handling (PBCH) technique. 13 Parents are selected by the stochastic universal sampling (SUS).
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Children are reproduced by the blended crossover (BLX-0.5) method 15 and uniform mutation 10 with a rate of 20 % and maximum perturbation range of 10 % of the design space. The alternation of generations is performed by the best-N selection. 16, 17 Population size and number of generations are 64 and 100, respectively.
Evaluator of Aerodynamic Performance
Aerodynamic performance of an airfoil is evaluated by the computational fluid dynamics (CFD) simulation. The governing equations for the CFD simulation are two-dimensional Farve-averaged compressible thin-layer Navier-Stokes equations. The LU-ADI factorization algorithm 18 is used for the time integration. The inviscid terms of numerical fluxes are evaluated by the SHUS scheme. 19 In the inviscid terms, high-order accuracy is obtained by the third-order upwind-biased 
MUSCL interpolation
20 based on the primitive variables with van Albada differentiable limiter. 21 The viscous terms are evaluated by the second-order central differencing, and the turbulent viscosity is modeled by the Baldwin-Lomax algebraic turbulence model.
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In the present study, C type grid as shown in Fig. 3 is used. The number of grid points is 251 in the direction around the airfoil (211 points over the airfoil surface), 51 in the direction normal to the airfoil surface, and the total number of grid points is 12,801. If flowfields around an airfoil are assumed to be laminar and simulated by using such number of grid points, unpractical vortices may occur and lead to misevaluation of aerodynamic performance. It is the reason why the present flowfields are assumed to be fully-turbulent by using the turbulence model.
Simulation Hardware
The computation time required for one evaluation of aerodynamic performance of airfoil using the CFD simulation is about five minutes with one processor of NEC SX-6 computing system owned by the Institute of Space and Astronautical Science (ISAS) of Japan Aerospace Exploration Agency (JAXA). In the present study, the optimizer distributes the multiple evaluators corresponding to the multiple design candidates of DFMOSS into 32 processors of this computing system in parallel. Therefore, the total computation time required for one present robust aerodynamic design optimization using DFMOSS can be reduced to about 56 hours. These results prove necessity of not conventional optimization considering only optimality of performance but new optimization considering both optimality and robustness of performance for airfoil design realizing robust aerodynamic characteristics. In addition, detailed trade-off information between optimality and robustness can be understood easily from the obtained robust optimal solution distribution; e.g., the standard deviation of L/D increases (robustness of L/D becomes worse) as the mean value of L/D increases (optimality of L/D becomes better), and its standard deviation increases drastically at its mean value of 44.5.
RESULTS
Case 1: Considering Robustness of Lift to Drag Ratio
Hereafter, in Case 1, the one-point optimal solution and two robust optimal solutions whose sigma levels satisfying L/D ≥ 42 are 1σ and 6σ, respectively, are compared and discussed. Here, the robust optimal solution with larger sigma level indicates the solution with more robust characteristic in terms of higher probability of satisfying L/D ≥ 42, i.e., Mars airplane's flying an expected range safely when M ∞ disperses widely. Figure 5 shows the histories of L/D against M ∞ at α = 2.0 [deg] of the one-point optimal solution and the robust optimal solutions with 1σ and 6σ robustness qualities. In the one-point optimal solution, L/D decreases drastically with an increment in M ∞ , and it falls below its lower specification limit of 42 Figire 6 shows the airfoil configurations of the onepoint optimal solution and the robust optimal solutions with 1σ and 6σ robustness qualities. In all these solutions, airfoils are very thin due to production of large difference in pressure between upper and lower surfaces, which leads to large lift. This is because friction drag is dominant and eventually the maximization of L/D can do nothing but increase lift in low Reynolds number flow around a Mars airplane. The one-point optimal solution has an airfoil with large maximum camber to generate strong expansion region without separation over the upper surface. On the other hand, the robust optimal solution with larger sigma level of L/D has an airfoil with smaller maximum camber. Figure 7 compares the chordwise pressure coefficient
2 ) (p is local pressure and p ∞ is freestream pressure) distributions over the airfoil surface at various M ∞ and at α = 2.0 [deg] of robust optimal solutions with 1σ and 6σ robustness qualities. In the robust optimal solution with 1σ robustness quality as shown in Fig. 7(a) , suction peak over the upper surface becomes stronger drastically with the increment in M ∞ . Compared to this solution, the robust optimal solutions with 6σ robustness quality as shown in Fig. 7(b) has more moderate change of suction peak strength against the increment in M ∞ . These results are owed to the result that a robust optimal solution with larger sigma level of L/D has an airfoil with smaller maximum camber as shown in Fig. 6 . Such airfoil can suppress the growth of shock wave and realize smaller increment in pressure drag (wave drag), and results in smaller decrement in lift to drag ratio against the increment in flight Mach number. On the other hand, the present robust optimization found total forty solutions with larger sigma level satisfying |C M p | ≤ 0.13, i.e., better robustness qualities of C M p against the variations of M ∞ than the one-point optimal solution. Similar to Case 1, these results prove necessity of not conventional optimization considering only optimality of performance but new optimization considering both optimality and robustness of performance for airfoil design realizing robust aerodynamic characteristics, too. In addition, the obtained robust optimal solution distribution revealed strong trade-off relation that the sigma level satisfying |C M p | ≤ 0.13 decreases (robustness of C M p becomes worse) as the mean value of L/D increases (optimality of L/D becomes better).
Hereafter, in Case 2, the one-point optimal solution and two robust optimal solutions whose sigma levels satisfying |C M p | ≤ 0.13 are 1σ and 8σ, respectively, are compared and discussed. Figure 9 shows the his- tories of C M p against M ∞ at α = 2.0 [deg] of the onepoint optimal solution and the robust optimal solutions with 1σ and 8σ robustness qualities. In the onepoint optimal solution, the constraint |C M p | ≤ 0.13 is satisfied at the design point M ∞ = 0.4735. However, C M p falls below its lower specification limit of −0.13 and the constraint is not satisfied at M ∞ higher than 0.4735. In the robust optimal solution with larger sigma level satisfying |C M p | ≤ 0.13, on the other hand, C M p history against M ∞ shifts higher from the lower limit of −0.13 and the constraint is satisfied until higher M ∞ . In addition, the robust optimal solution with larger sigma level satisfying |C M p | ≤ 0.13 has slightly smaller decrement in C M p against the increment in M ∞ . Figure 10 shows the airfoil configurations of the one-point optimal solution and the robust optimal solutions with 1σ and 8σ robustness qualities. Similar to Case 1, all solutions have airfoils with very thin due to production of large lift. The one-point optimal solution and the robust optimal solution with 1σ robustness quality have airfoils with large maximum camber to generate strong expansion region without separation over the upper surface. On the other hand, the robust optimal solution with 8σ robustness quality has an airfoil folded down at the front part (about 15 % chord position). In addition, this fold becomes greater as the sigma level satisfying |C M p | ≤ 0.13 becomes larger. Figure 11 compares the chordwise C p distributions over the airfoil surface at various M ∞ and at α = 2.0 [deg] of robust optimal solutions with 1σ and 8σ ro- bustness qualities. In the robust optimal solution with 1σ robustness quality as shown in Fig. 11(a) , suction peak over the upper surface moves backward with the increment in M ∞ . Compared to this solution, the robust optimal solutions with 8σ robustness quality as shown in Fig. 11 (b) has more moderate backward movement of suction peak against the increment in M ∞ . These results are owed to the result that a robust optimal solution with larger sigma level satisfying |C M p | ≤ 0.13 has an airfoil with larger curvature at the shock wave location as shown in Fig. 10 . Such airfoil can suppress the backward movement of suction peak (shock wave) and results in smaller change in violation of the constraint |C M p | ≤ 0.13.
CONCLUDING REMARKS
In this paper, robust aerodynamic airfoil design optimizations against wind variations for Mars exploratory airplane have been carried out by using DFMOSS coupled with the CFD simulation. The present robust optimization considering both optimality and robustness of performance successfully found the airfoil design with robust characteristic of aerodynamic performance against wind variations, while conventional optimization considering only optimality of performance cannot find such robust airfoil design. These results indicate importance of robust optimization for more reliable airfoil designs considering actual wind variations. In addition, the present robust aerodynamic airfoil design optimizations revealed detailed airfoil design information about the improvement in both optimality and robustness of aerodynamic performances against wind variations for future Mars airplane; an airfoil with smaller camber can improve the robustness in lift to drag ratio against the variation of flight Mach number, and an airfoil with larger curvature near the shock wave location can improve the robustness in pitching moment against the variation of flight Mach number.
